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Abstract 
In this paper, an economic optimization of the solar multiple for the solar-coal hybrid systems was presented. The 
solar heat at approximately 300°C was used to preheat the feed water before entering the boiler in the typical coal-
fired power plants. Three different unit scale coal-fired power plants have been considered, with the different 
parameters in the power block and different solar field sizes. Thermal performance for each solar power plant has 
been featured, both at design and off-design conditions under the climatic conditions of Shizuishan City. The 
economic assessments were then performed. The costs and payback period of each configuration with different steam 
extraction replaced were compared, using the well-established cost-estimating methodology. The levelized cost of 
energy (LCOE) for each case is calculated, yielding a minimum LCOE value for a certain solar multiple value within 
the range considered. 
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1. Introduction 
Since 1990’s, more attentions of hybridizing solar energy with fossil power plant have been paid, from 
the viewpoint of the sustainable development of solar thermal power plant in the near-and-mid term [1]. 
Based on the situation that structure of China’s energy consumption is dominated by coal, to hybrid solar 
energy with the traditional coal-fired power plants has profound realistic significance in China. The 
collected solar heat at around 300°C has a good match with the feed water back to the boiler. Utilizing the 
solar heat to replace the steam extractions to heat the feed water can increase the work output of the steam 
turbine.  
In the previous paper [2~8], the thermodynamic performances of the proposed solar-coal hybrid power 
were studied. The integrating of solar heat in the typical coal-fired power plants has been simulated [6], 
finding that the power plants with larger capacity are more beneficial for solar integration. Using solar 
heat to replace different steam extractions of a typical coal-fired power plant has been studied [7], and the 
most efficient position in solar-coal hybrid system is at the highest pressure feed water heater. The 
thermodynamic benefits both in power boosting and fuel-saving models have also been presented [8].  
Notwithstanding the potential thermodynamic benefits that have been identified from these various 
types of hybrid, little further attention has been paid to the economic benefit of the solar-coal hybrid 
system. Kolb [9] was a pioneer in identifying economically beneficial configurations of hybrids between 
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solar thermal and combustion processes in Rankine cycle boilers. He demonstrated that the cost of the 
solar component of energy can be reduced by approximately 50% relative to a stand-alone plant through 
sharing infrastructure, notably the condenser and turbine, with the fossil-fuelled plant. However, a further 
step in the economic study of this solar-coal hybrid system has not been identified based on engineering 
practice. 
For this reason, the aim of the paper is to assess the potential of the proposed solar-coal hybrid system 
to lower the cost of the solar energy, and hence also to lower the commercial risk relative to previously 
known hybrid concepts.  
 
Nomenclature 
LCOE Levelized cost of solar electricity  
PP  Payback period 
SM  Solar multiple 
2. System description 
Hybrid system on design condition: Located in Northwest China, Shizuishan City with annual solar 
radiation of 7668 MJ/m2. The typical coal-fired power plants were hybridized using solar heat at around 
300°C. Fig. 1 depicts its flow sheet when the highest-pressure extraction was replaced by solar heat. 
Compared to the previous coal-only plant, the amount of steam extractions is eliminated with more steam 
expanding in the steam turbines to enhance the work output. An oil-water heat exchanger as the joint 
combines the parabolic trough solar field to the thermal cycle of the coal-fired power plant.  
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Fig. 1. Schematic diagram of the solar-coal hybrid 
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3. Methodology and results  
3.1. Methodology 
In this paper, the analysis is based on this equivalent enthalpy drop theory, where the 
thermodynamic parameters of the main steam, the reheated steam and the steam extractions are assumed 
to be constant. The payback period is calculated based on cash flow analysis, which is the study of the 
cycle of cash inflows and outflows.  
3.2. Thermodynamic performances 
1 2 3 4 5 6 7 8 9 10 11 12
0
50
100
150
200
250
300
D
NI
 (k
W
h/
m
2 )
Month
0
20
40
60
80
100
120
140
600MW330MW200MW
A
nn
ua
l n
et
 in
cr
em
an
ta
l s
ol
ar
 p
ow
er
 (G
W
h)
 Highest-pressure extraction
 First two highest-pressure extractions 
 First three highest-pressure extractions 
 
Fig. 2(a). Monthly DNI in Shizuishan City; (b). Annual solar electricity output with different replaced extraction  
 
Given the meteorological condition of Shizuishan City, Figure 2(b) presents the monthly net electricity 
output for solar when different steam extractions are replaced with solar heat. For 200~600MW coal-fired 
power plant, when the maximum-pressure steam extraction is replaced by solar heat, the incremental 
work output measures 15~61 GWh. Annual net incremental solar power can be enhanced further with the 
replacement of additional extractions. When the first three high-pressure steam extractions are replaced 
by solar heat, annual net incremental solar power can reach 41~146 GWh. 
3.3. Economic  performances 
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Fig. 3(a). LCOE and payback period with highest-pressure extraction replaced; (b). with first 2 highest-pressure extractions replaced; 
(c) with first 3 highest-pressure extractions replaced 
 
Solar multiple is defined as the ratio between the thermal power produced by the solar field at the 
design point and the thermal power required by the power block at nominal conditions. The SM value is 
usually determined by experience. Actually, due to radiation variation in different places, determining 
appropriate design solar collector area is extremely important; big design collector area results in 
excessive unutilized energy and high investment, and small design collector area results in low capacity 
factor of the plant, resulting poor utilization of the invested capital. Therefore, there exists an optimal 
design area for solar-coal power plant without thermal storage. 
The optimum solar multiple value depends not only on solar plant location, the replacing scenarios, but 
also on the power block characteristics. As can be observed in Fig. 3, average LCOE value is minimum 
for a certain solar field size. In the case of replacing the highest-pressure steam extraction in 200~600MW 
coal-fired power plants, this size is the one corresponding to a solar multiple of 1.3~1.4. The minimum 
LCOE can be reduced to 0.52~0.56 yuan(2014)/kWh. The payback period can be controlled  within 6 
years.  
4. Conclusions 
This paper presents a standard methodology for the economic optimization of the solar multiple in 
solar-coal hybrid power plant. In this particular case of replacing the highest-pressure extraction for 
200~600MW coal-fired power plants, optimum solar multiple value ranges from 1.3 to 1.4. For solar-coal 
hybrid power plant without thermal storage, the solar multiple must not be too large. Or large sizes of 
solar fields would achieve a worse return on their investment, as solar thermal energy above nominal 
level would be wasted. But it should not be very small, or the high investment will get nothing in return 
due to the reduced solar power output.  
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